Abbreviations: WSG, warm-season grass; ICAP, inductively coupled argon plasma; MWD, mean weight diameter of water-stable aggregates.
Abstract
Information on the water quality impact of perennial warmseason grasses (WSGs) when grown in marginal lands as dedicated energy crops is limited. We studied how WSGs affected runoff, sediment, and nutrient losses and related near-surface soil properties to those of no-till corn (Zea mays L.) on an eroded soil in southwestern Iowa and a center pivot corner in east-central Nebraska. The experiment at the eroded soil was established in 2012, and treatments included 'Liberty' switchgrass (Panicum virgatum L.) and no-till continuous corn. The experiment at the pivot corner was established in 2013 with 'Liberty' switchgrass, 'Shawnee' switchgrass, low-diversity grass mixture, and corn. We simulated rainfall at 63.5 ± 2.8 mm h −1 for 1 h to portray 5-yr return periods and measured water erosion in spring 2017. Time to runoff start and runoff depth did not differ between WSGs and corn. On the eroded soil, sediment and nutrient losses did not differ between treatments. At the pivot corner, sediment (0.71 vs. 0.15 Mg ha −1 ) and PO 4 -P (0.037 vs. 0.006 kg ha −1 ) losses were five times higher in corn than in WSGs. Near-surface soil properties did not differ on the eroded soil, but at the pivot corner, wet aggregate stability was four times higher and residue cover was 34% higher in WSGs than in corn. Water-stable aggregates were negatively correlated with NO 3 -N and PO 4 -P losses. Overall, WSGs can improve water quality in marginally productive croplands, but their effectiveness appears to be site specific.
Dedicated Bioenergy Crops and Water Erosion
Bharat Sharma Acharya,* Humberto Blanco-Canqui, Robert B. Mitchell, Richard Cruse, and David Laird A nnual row crop production for grain and cellulosic biofuel is associated with risks of surface runoff, transport of sediment, and nutrient losses to water bodies (Schilling et al., 2008) . Sediment and nutrient addition to water bodies through agricultural nonpoint-source pollution is an ongoing concern, particularly in the US Midwest (Porter et al., 2015; Stackpoole et al., 2017) . The Midwest states account for nearly 75% of nutrients entering the Gulf of Mexico. The high losses of nutrients have been linked to the development of hypoxic zones (USEPA, 2007; Porter et al., 2015) . Nutrient and sediment loading into the water bodies can be in part accelerated by climatic fluctuations with localized and intense storm events, which can lead to increased soil erosion (Morton et al., 2015; Jiang et al., 2016) .
Existing management practices may not be adequate to control water erosion under heavy rainstorms (³76.2 mm in a single day; Saunders et al., 2012) . Thus, improved management strategies are needed to reduce loss of agricultural nonpoint-source pollutants. Establishing warm-season grasses (WSGs) such as switchgrass (Panicum virgatum L.) in marginally productive croplands could be a potential strategy to reduce nutrient and sediment loss from agricultural systems (Acharya and Blanco-Canqui, 2018) . VanLoocke et al. (2017) used a modeling approach and reported that establishment of miscanthus (Miscanthus ´ giganteus J.M. Greef & Deuter ex Hodkinson & Renvoize) and switchgrass can reduce the transport of dissolved inorganic N to the Gulf of Mexico. Marginally productive croplands are marginal soils with relatively lower productivity than prime croplands, which may include compacted soils, acidic and saline soils, flood-prone soils, and even center pivot corners . Mitchell et al. (2012) stated that "marginally productive cropland for the western Corn Belt are sites that are more than 25% below the average dryland maize production for the county." It is estimated that cellulosic bioenergy crops such as WSGs grown in marginally productive land of 10 Midwestern US states can supply nearly 63 GJ ha −1 of ethanol annually (Gelfand et al., 2013) .
Field data on water quality impacts of growing dedicated bioenergy crops such as switchgrass are limited. However, the few studies under WSGs when used as conservation buffers such as grass hedges, filter strips, and riparian buffers suggest that growing WSGs as dedicated bioenergy crops could reduce water erosion and improve water quality parameters (Lee et al., 2003; Helmers et al., 2012; Zhou et al., 2014) . Perennial WSGs have deeper root systems and higher root biomass and annual productivity than row crops such as corn (Zea mays L.). Perennial WSGs can provide uniform residue cover on the soil surface during the growing season and after crop harvest to intercept raindrops and slow surface runoff (Acharya and Blanco-Canqui, 2018) . Warm-season grasses could also improve soil properties and reduce erodibility compared with row crops (Stewart et al., 2015; Zaibon et al., 2017) .
Although some studies have evaluated the effect of growing WSGs on biomass production and soil properties in marginal lands (Brown et al., 2016) , field data on the water quality implications of growing WSGs in marginal lands are limited. Modeling studies have reported some mixed results. Feng et al. (2015) estimated that conversion of marginal lands under cornsoybean [Glycine max (L.) Merr.] to switchgrass and miscanthus can reduce soil erosion by 27 to 98%, total N loss by 30 to 91%, and total P loss by 65 to 76%. However, Thomas et al. (2014) estimated no effect of miscanthus and switchgrass on annual runoff and NO 3 -N and total P losses compared with corn. Field data on water erosion from WSGs grown on marginal lands are needed to validate models and extrapolate results across regional scales. This field information can also contribute to the development of sustainable bioenergy production systems.
The objectives of this study were (i) to quantify the impacts of WSGs and no-till corn on runoff, sediment, and nutrient losses when these crops are grown in marginally productive lands, and (ii) to evaluate differences in runoff, sediment, and nutrient losses between a low-diversity mix of WSGs and monoculture cultivars grown in a center pivot corner. We hypothesized that (i) perennial WSGs will reduce runoff, sediment, and nutrient losses relative to corn in marginally productive croplands, and (ii) the low-diversity mix of WSGs will reduce runoff, sediment, and nutrient losses more than switchgrass monocultures.
Materials and Methods

Description of the Study Sites
The study was conducted in spring 2017 in marginally productive croplands in east-central Nebraska and southwestern Iowa to examine the residual effects of energy crops. Our first study site was located at the Iowa State University Armstrong Research and Demonstration Farm near Atlantic, IA (41°18¢29¢¢ N, 95°10¢19¢¢ W). It has mean annual precipitation of 939 mm and mean annual temperature of 9.3°C. The site is characterized as an eroded hillslope and consists of loess-derived soil (Fidel et al., 2017) . The dominant soil texture includes eroded Exira silty clay loam (fine-silty, mixed, superactive, mesic Typic Hapludolls) with <7% slope (Fidel et al., 2017) . The experiment was established in 2012. Treatments were 'Liberty' switchgrass and no-till continuous corn with four replications. The treatments were arranged in a completely randomized design. The plot size was 44 ´ 68 m. Switchgrass was no-till drilled in 19-cm-wide rows at a rate of 6.7 kg ha −1 , between rows of a corn nurse crop in May 2012. Because of the poor stand, switchgrass plots were reseeded on May 2013 at a rate of 8.6 kg ha −1 , but without a corn nurse crop. Switchgrass plots were surface applied with urea at a rate of 56 kg N ha −1 in 2014 and 2015, and corn plots were applied with 224 kg ha −1 of 32% N.
The second study site was an on-farm experiment located near Beaver Crossing in east central Nebraska (40°43¢42¢¢ N, 97°12¢14¢¢ W). It has mean annual precipitation of 722 mm and mean annual temperature of 10.5°C. The dominant soil textures in the study site include silt loam and silty clay loam with <7% slope (https://websoilsurvey.nrcs.usda.gov/app/). The experiment was laid out in a completely randomized design with two replicates of 'Liberty' switchgrass, 'Shawnee' switchgrass, and a low-diversity WSG mixture seeded as 45% big bluestem (Andropogon gerardii Vitman), 45% Indiangrass [Sorghastrum nutans (L.) Nash], and 10% sideoats grama [Bouteloua curtipendula (Michx.) Torr.]. The WSG plots were planted in the spring 2013 in a center pivot corner. Center pivot corners are unirrigated field corners due to circular motion of a center pivot irrigation system. For example, a center pivot system covering 64 ha will irrigate 53 ha of area and leave four field corners (?11 ha) without irrigation (Mitchell et al., 2012; Acharya and Blanco-Canqui, 2018) . The pivot corners were considered marginally productive because they are unirrigated and have £75% of the crop yield compared with the average county yield for dryland maize (Mitchell et al., 2012) . The grasses were sown into soybean stubble using a no-till grassland drill (Truax) and received no fertilizer in the planting year, 2013.
The field prior to WSG establishment was under no-till corn-soybean rotation. Beginning in 2014, the WSG plots were split to accommodate two N fertilizer rates, 60 or 120 kg of N ha −1 each spring in 2014, 2015, and 2016 . For this study, we used plots receiving 60 kg N ha −1 , and corn-soybean crop rotation adjacent to WSG treatments. The corn-soybean rotation was not randomized with WSG treatments to facilitate management operations and avoid edge effects on the treatments. Rainfall was simulated during the corn phase of the rotation (corn residues) as described below. The field during the corn phase received 82 kg of N ha −1 in 2014 and 2016.
In this paper, data on WSG biomass are not reported, as our study focused primarily on water erosion. However, as discussed below, we report data on residue cover, which can directly affect water erosion. Data on WSG biomass for both sites will be reported in a companion paper.
Rainfall Simulation and Water Erosion Measurements
Rainfall was simulated in late spring 2017 to determine the effects of WSGs and no-till corn on water quality parameters. Dry and wet rainfall simulation runs were performed at both sites. Dry runs, 24 h prior to wet simulation, were performed for 30 min at intensity of 63.5 mm h −1 (similar to Blanco-Canqui et al., 2016) to reduce differences in antecedent soil moisture before water erosion measurement. Wet simulation was performed in the same plots for 1 h to conduct water erosion measurements. Soil gravimetric water content prior to the wet run did not differ among treatments at any site. Mean gravimetric water content of the soil for the 0-to 10-cm depth was 0.35 ± 0.04 g g −1 (mean ± SD) on the eroded soil and 0.27 ± 0.02 g g −1 at the pivot corner. The soil slope was 6.4 ± 1.5% on the eroded soil and 4.6 ± 1.3% at the pivot corner.
We used a portable rainfall simulator with 3-m ´ 3-m area made up of aluminum (Humphry et al., 2002) . Briefly, the simulator consists of a 1/2 HH-SS50WSQ single nozzle at the center of the top of frame (Spraying Systems Company), which simulates rain from ?2.5 m above the ground. The aluminum frames are assembled and dissembled using locking pins in angle fittings (Humphry et al., 2002) . The simulator consists of an in-line filter to prevent nozzle clogging, a pressure regulator, a flow meter, and a pressure gauge to control flow.
Wet simulations were performed at an intensity of 63.5 mm h −1 for 1 h to portray return periods of 5 yr at both sites. Tarps were used around the frame of the simulator to minimize wind drift during runs. Water used for rainfall simulation on the eroded soil had an electrical conductivity of 0.45 dS m −1 , pH of 7.1, total dissolved solid of 269 mg L −1 , total N of 0.2 mg L −1 , total P of 0.03 mg L −1 , NO 3 -N of 0.1 mg L −1 , NH 4 -N of <0.1 mg L −1 , and PO 4 -P of 0.03 mg L −1 . Water used for rainfall simulation at the pivot corner had an electrical conductivity of 0.56 dS m −1 , pH of 7.6, total dissolved solid of 338 mg L −1 , total N of 0.3 mg L −1 , total dissolved P of 0.06 mg L −1 , NO 3 -N of 0.1 mg L −1 , NH 4 -N of <0.1 mg L −1 , and PO 4 -P of 0.03 mg L −1 . Nutrient concentrations of baseline samples were used to correct nutrient concentration in runoff samples.
A 0.52-m ´ 1.06-m runoff plot was established within each experimental plot using a metal case. This metal case encloses the upper three sides of the plot. A trough made from polyvinyl chloride (PVC) pipe was installed into the downslope direction of the runoff plot to collect water. Four rain gauges were set along the corners of the runoff plot to measure rainfall. During each wet run, time to start runoff and total runoff volume were recorded. Runoff depth was calculated using the runoff volume and runoff plot area. Infiltration rate was calculated as the difference between rainfall depth and runoff over simulation duration. On the eroded soil in Iowa, runoff occurred on only three switchgrass and three no-till corn plots. However, at the pivot corner for the Nebraska site, runoff occurred in all plots. On the eroded soil, plots with no runoff had runoff collector installed on relatively flat soil (4% slope) compared with other plots and collectors. Runoff samples from the water collector were transferred to large buckets and vigorously shaken to distribute sediment uniformly, and two subsamples were taken in 1-L plastic bottles. The bottles were kept in a cooler before transporting them to the laboratory for storage and analysis. One of the runoff samples was used to determine concentrations of sediment and sedimentassociated C and N, whereas the other sample was used to determine NO 3 -N, NH 4 -N, PO 4 -P, and total dissolved P.
Runoff samples were oven dried at 60°C for ?3 wk to determine sediment concentration using the evaporation method (Blanco-Canqui et al., 2004) . Oven-dried sediments were scraped, ground to pass through sieves with 2-mm openings, and analyzed for sediment-associated C and N concentrations using the dry combustion method (Nelson and Sommers, 1996) in a Flash 2000 C and N analyzer (CE Elantech). Runoff samples were analyzed for pH using the 4500-H electrometric method (Rice et al., 2012) . Electrical conductivity was determined using the 2520 B test method. Total dissolved P was determined directly through inductively coupled Ar plasma (ICAP). An ICAP runs total analysis on elements that are in solution. For runoff water, analysis was conducted in solution samples after decantation. Samples were filtered through Whatman No. 40 filter paper if particulates were observed in the supernatant (Kleinman et al., 2007) . The NH 4 -N in runoff water was determined using the 4500 NH 3 -H flow injection analysis, whereas NO 3 -N was determined using the 4500 NO 3 Cd reduction flow injection method (Rice et al., 2012) .
Residue cover in WSGs and no-till corn treatments at both sites was measured using the line-transect method at the time of rainfall simulation to establish their relationship with water quality parameters and soil properties. Two 30.5-m diagonal transects were used, and the presence of residue was recorded at every 0.30 m to determine the percentage residue cover. The rainfall was simulated in spring when risks for water erosion are high due to limited corn residue cover in corn and when WSGs are in the early stages of breaking spring dormancy.
Soil Sampling and Analysis
We also analyzed selected soil physicochemical properties related to soil erodibility in the upper 10-cm soil depth (Table 1) . Specifically, soil cores were taken using hand probes from four corners adjacent to runoff plots within each experimental plot prior rainfall simulation and composited by plot. Soil samples were used to determine bulk density, wet aggregate stability, cation exchange capacity, NO 3 -N, available P, exchangeable K, and total C and N.
Bulk density was determined by the core method (Grossman and Reinsch, 2002) , and porosity was calculated from bulk density, assuming soil particle density of 2.65 g cm −3 . A portion of the soil samples was air dried and sieved through a 2-mm sieve for NO 3 -N, P, K, and total C and N analysis. The soil NO 3 -N was determined using the Cd reduction method with a flow injection analyzer (Gelderman and Beegle, 1998) . Soil P was determined by the Olsen HCO 3 -P test, whereas K was determined using the ammonium acetate method (Brown, 1998; Warncke and Brown, 1998) . Concentration of total C and N was determined by the dry combustion method in a Flash 2000 C and N analyzer (CE Elantech; Nelson and Sommers, 1996) .
To determine wet aggregate stability, a fraction of air-dried soil samples was sieved through 4.75-and 8-mm sieves to collect 4.75-to 8-mm aggregates. Approximately 50 g of soil aggregates was placed on a stack of sieves with 4.75-, 2.0-, 1.0-, 0.5-, and 0.25-mm-diam. openings, saturated for 10 min by capillarity followed by water sieving for 10 min using a wet sieving apparatus generating 30 strokes (3-cm up and down strokes) min −1 (Nimmo and Perkins, 2002) . Soil from each sieve was transferred to a glass beaker, oven dried at 105°C, and corrected for sand content. The fraction of each aggregate size was used to determine mean weight diameter of water-stable aggregates (MWD; Nimmo and Perkins, 2002) .
Data Analysis
All analyses were conducted using SAS 9.4 (SAS Institute, 2015). Data were analyzed for normal distribution using a Shapiro-Wilk test in PROC UNIVARIATE in SAS. Nonnormal data were transformed to make data distribution as normal as possible. For the eroded site, replication with no runoff data was deemed an outlier and excluded in statistical analysis (Dr. Kent Eskridge, personal communication, 2018) . Sediment and total dissolved P data from the eroded soil were square root transformed, whereas PO 4 -P was transformed as the reciprocal of square root of data. At the center pivot corner, sediment data were inverse transformed, time to runoff, NH 4 -N, and total dissolved P were transformed as the reciprocal of square root of data, and PO 4 -P was square root transformed. Statistical differences of water quality parameters and soil properties for corn and WSG treatments were analyzed by site using PROC MIXED in SAS. Statistical differences were reported at a = 0.05, unless otherwise indicated. Pearson's correlation coefficient was performed using CORR, and stepwise regression was conducted using STEPWISE in SAS to evaluate the relationship of sediment and nutrients in runoff with soil properties and residue cover.
Results
Runoff and Sediment Loss
Time to runoff start ( Fig. 1A and 1B ) and runoff depth (Fig. 1C and 1D ) did not differ between WSG and corn treatments at both sites. Differences in sediment loss between corn and switchgrass were significant at the center pivot corner in Nebraska, but not on the eroded soil in Iowa (Table 2) . At the pivot corner, sediment loss was highest in corn and lowest in 'Liberty' switchgrass. Sediment loss at this site decreased in the following order: 'Liberty' £ low-diversity mix £ 'Shawnee'£ corn. The amount of sediment lost decreased by 89% under 'Liberty' switchgrass, 82% under low-diversity mix, and 68% under 'Shawnee' switchgrass compared with no-till corn.
Nutrient Loss
Sediment-associated total C and N losses did not differ between corn and WSG treatments at both sites (Table 2) . Dissolved nutrients in runoff did not differ between switchgrass and corn on the eroded soil (Table 2) . On this eroded soil in Iowa, the mean concentration of different nutrients in surface runoff was 0.15 mg NO 3 -N, 0.62 mg NH 4 -N, 0.26 mg PO 4 -P, and 0.36 mg total dissolved P L −1 . However, at the pivot corner in Nebaska, NO 3 -N and PO 4 -P (Table 2) loss differed significantly between WSGs and corn. The NO 3 -N loss occurred in the following order: corn > 'Liberty' = 'Shawnee' = low-diversity mix. The NO 3 -N loss from the corn field was 0.2 ± 0.01 kg ha −1 , but the NO 3 -N loss under the WSG treatments was below the detection limit (<0.1 mg L −1 ). At this site, PO 4 -P loss occurred in the following order: corn > 'Shawnee' ³ 'Liberty' ³ low-diversity mix. The NO 3 -N concentration in surface runoff was 0.95 mg L −1 and PO 4 -P was 0.17 mg L −1 under corn. The low diversity mix reduced PO 4 -P loss in runoff by 90%, whereas the monocultures reduced the loss by up to 83%, compared with corn.
Relationship of Sediment and Nutrient Losses in Runoff with Residue Cover and Soil Properties
On the eroded soil in Iowa, there was no significant difference in residue cover between corn and 'Liberty' switchgrass treatments ( Fig. 2A) . At the same site, soil bulk density, MWD, NO 3 -N, and soil C and N concentrations did not differ between WSGs and corn (Table 1) .
At the pivot center corner in Nebraska, residue cover differed between corn and WSG treatments (Fig. 2B, p < 0.1) . At this site, residue cover was 34% higher under WSG treatments compared with corn. For example, 'Liberty' switchgrass had 91% residue cover, whereas corn had only 55% residue cover. Similar to the eroded soil, bulk density was not different between corn and WSG treatments at the pivot corner, but WSG treatments increased MWD by 75% compared with corn (2.21 vs. 0.56 mm) (Table 1) . Soil NO 3 -N concentration was 80% higher in corn than in WSG treatments (34 vs. 7 mg kg −1 ). At this site, there was no difference in total soil C and N concentration among treatments (Table 1) . Table 3 showed that on the eroded soil in Iowa, residue cover was negatively correlated with PO 4 -P (p < 0.05, r = 0.86). At Table 1 . Soil properties for the 0-to 10-cm depth for warm-season grasses and no-till corn treatments on an eroded soil and at a center pivot corner (mean ± SD). the center pivot corner in Nebraska, MWD was negatively correlated with sediment-associated C (p < 0.1, r = 0.65), NO 3 -N (p < 0.05, r = 0.90), and PO 4 -P loss (p < 0.1, r = 0.68). Similarly, at this site, residue cover was negatively correlated with NO 3 -N (p < 0.05, r = 0.93), and PO 4 -P (p < 0.05, r = 0.91). As residue cover increased, PO 4 -P loss decreased at both sites (Table 3) .
Environment
Stepwise regression analysis showed that there was no significant soil variable that can predict nutrients lost on the eroded soil. However, sediment loss can be predicted using bulk density, MWD, and residue cover as shown in Eq. [1]. Bulk density explained 68% of the variation in sediment loss. Residue cover explained 51% of variation, whereas MWD explained 42% of variation in sediment loss. The MWD was a significant predictor of sediment-associated C (37%), NO 3 -N (82%), and PO 4 -P (60%) loss.
Discussion
Runoff and Sediment Loss
Results from this study suggest that the impacts of growing perennial native WSGs on water-induced soil erosion when grown in marginally productive croplands as dedicated energy crops can be site specific. For example, WSGs reduced sediment and nutrient losses compared with corn at the center pivot corner, but not on the eroded soil ( Table 2 ). The lower sediment loss in runoff from WSGs than from corn at the pivot corner site supports our first hypothesis that WSGs reduce sediment loss relative to corn. However, the data did not support our hypothesis for the eroded soil.
The limited or lack of differences in time to runoff start and runoff depth in this study at both sites (Fig. 1) could be explained by the lack of significant differences in near-surface soil properties such as bulk density and porosity among treatments (Table 1 ). In addition, at the eroded soil site in Iowa, the plant residue cover -season grasses and no-till corn effects on sediment, sediment-associated total C and N, and other dissolved nutrient (mean ± SD) losses in surface runoff on an eroded soil in Iowa and at a center pivot corner in Nebraska.
Environment
Treatment Sediment Total C Total N NO 3 -N NH 4 -N PO 4 -P Total dissolved P showed no significant differences between 'Liberty' switchgrass and corn (Fig. 2) . Soil porosity dictates the amount of water infiltration and thus runoff. Moreover, runoff amount among replications within the treatments was highly variable, partly due to natural heterogeneity, which reduced statistical differences. Runoff data from both sites, however, showed some trends and suggested that WSGs could delay runoff start and reduce runoff compared with corn. Aboveground biomass and accumulation of plant debris near the soil surface could increase water detention time and infiltration (Blanco-Canqui et al., 2004) . Such effects are largely seen during the plant growing season versus during spring when plants are dormant. Our results are consistent with Nyakatawa et al. (2006) reporting no significant effects of switchgrass and corn on runoff (volume) under similar soil texture and slope. On the eroded soil, the lack of significant differences in the concentration of sediment and dissolved nutrients in runoff could be attributed to the lack of differences in plant residue cover (Fig. 2) , and soil properties between WSGs and corn (Table 1) . It is well recognized that soil erosion decreases exponentially with residue cover (Lindstrom, 1986; Helmers et al., 2012) . The lower sediment loss under WSG treatments at the pivot corner in Nebraska (Table 2 ) may be due to the higher residue cover and MWD under switchgrass compared with corn at this site. Results from stepwise regression indicate that changes in soil structural quality appear to be the main drivers of sediment and nutrient losses in runoff. This is expected, as increased soil aggregate detachment can lead to greater risks of water erosion (Acharya and Blanco-Canqui, 2018) . The critical role of residue cover in reducing sediment loss at both sites also corroborates that an increase in residue cover with WSGs such as switchgrass can result in reduced sediment losses relative to row crops, which can have reduced residue cover, particularly in spring before planting. Residue cover at the center pivot corner in Nebraska was 34% greater (Fig. 2) and MWD was 75% greater (Table 1) under WSGs than under corn. Plant canopy and residue cover can intercept rainfall and runoff, as well as reduce soil detachment and protect the surface-exposed macropores (Lindstrom, 1986) . Perennial WSGs are expected to improve soil aggregation through deeper and dense root systems, and through increased soil organic matter and residue-derived organic binding agents. At this site, WSGs probably improved wet aggregate stability through increased residue cover and root biomass, although we did not quantify the amount of root biomass. However, previous studies from the same region found that WSGs can produce a significant amount of root biomass .
Nutrient Loss
The lower NO 3 -N and PO 4 -P loss in runoff water under WSG treatments at the center pivot corner (Table 2) supports our hypothesis that WSGs can reduce nutrient losses relative to corn in marginally productive lands. The lower NO 3 -N loss in runoff at this site is possibly due to 80% higher near-surface NO 3 -N concentration from N fertilization in corn than in WSG treatments (Table  1) . For instance, in 2016, corn received 1.4 times more N than the WSG treatments at this site. Indeed, Sharma and Chaubey (2017) stated that switchgrass can have two to three times less NO 3 -N loss in surface runoff than in corn because it has lower N fertilizer requirement than annual row crops. In this study, NO 3 -N loss Fig. 2. Mean residue cover in warm-season grasses and corn (A) on an eroded soil and (B) at a center pivot corner during late spring 2017 . The warm-season grasses were harvested in the previous autumn to a 10-cm stubble height. Bars followed by different lowercase letters are significantly different at a P value of ≤0.1. Error bars are the standard deviation of the mean. (0.2 kg ha −1 ) was lower than that reported by other studies under similar soil texture and slope (Joslin and Schoenholtz, 1997; Nyakatawa et al., 2006) . Similarly, the higher PO 4 -P loss from corn than from WSG treatments at the pivot corner (Table 2) may be due to lower residue cover (Fig. 2) and water-stable aggregates, and higher fertilizer input for corn. The decrease in PO 4 -P loss with an increase in residue cover (Table 3) highlights the positive role of crop residues in protecting soil against water erosion. On the eroded soil, no significant difference in NO 3 -N, PO 4 -P, and total dissolved P loss in runoff under switchgrass and corn appears to be consistent with soil NO 3 -N and available P concentrations. A major reason for the lack of effects on soil nutrients could be the short-term nature of the experiment.
Monoculture Cultivars and Monoculture versus Polycultures: Impacts on Water Erosion
The lack of differences in time to runoff start, runoff (Fig. 1) , and nutrient losses (Table 2) between the two monoculture cultivars ('Liberty' and 'Shawnee' switchgrass) at the pivot corner in Nebraska may be due to the absence of significant differences in plant residue cover and near-surface soil properties. There are no measured data on the impact of different monoculture cultivars on water erosion to compare with our results. This clearly warrants additional field studies to fully understand the effects of WSG cultivars on water erosion.
The lack of significant effects of low-diversity mix and monoculture cultivars on runoff, sediment, and nutrient losses (Table 2) did not generally support our second hypothesis, which stated that the low-diversity mix would reduce runoff and losses of sediment and nutrients compared with monocultures. The lack of significant differences in plant residue cover (Fig. 2) and near-surface soil properties (e.g., total C, aggregate stability) between the low-diversity mix and monoculture cultivars (Table 1) can partly explain the similarities in water erosion between both treatments. Studies assessing water erosion between polyculture and monoculture of WSGs are unavailable to compare with our findings. Some compared changes in soil properties between polycultures and monocultures. Fornara and Tilman (2008) found greater soil C storage under high-diversity grassland than under monocultures in a 12-yr experiment in Minnesota. However, Kibet et al. (2016) found no significant differences in soil organic C and total N concentrations between monoculture and polyculture WSGs after 6 yr of management in eastern Nebraska.
Warm-Season Grasses and Soil Erodibility Properties
Results from this study suggest that the effects of WSGs on near-surface soil properties related to erodibility vary with sites (Table 1) . For instance, MWD increased under WSG treatments compared with corn at the center pivot corner, which is consistent with earlier studies (Stewart et al., 2015) . However, WSGs had no effect on MWD on the eroded soil, possibly due to the short period of time (<4 yr) following WSG establishment. Perennial native WSGs probably increased aggregate stability at the pivot corner through increased residue cover and possibly through high density of fibrous roots. In Nebraska, Blanco-Canqui et al. (2017) reported that WSG treatment had 37% greater MWD than corn, indicating lower erosion risks under WSGs. The MWDs under corn and WSG treatments at both sites are similar to those values reported by Blanco-Canqui et al. (2014 . Similar to our results, Stewart et al. (2015) observed no difference in soil properties between 'Cave-in-Rock' and 'Trailblazer' switchgrass under similar soil texture in eastern Nebraska. However, Jacobs et al. (2015) found significant difference in water-stable aggregates between ' Alamo' and 'Cave-in Rock' switchgrass after 4 yr of management in west-central Arkansas. The two studies suggest that WSG cultivars can have inconsistent effects on soil properties, requiring further assessment. The negative correlation between MWD and residue cover with NO 3 -N and PO 4 -P loss suggests that WSGs could improve water quality depending on surface residue cover.
Comparison between the two sites suggests that switchgrass had a high tendency to increase P losses at the Iowa site, due to high soil P concentrations. Results generally show lower sediment and sediment-associated C and N losses (Table 2) on the eroded soil compared with the center pivot corner, which is consistent with lower runoff (Fig. 1) and higher infiltration on the eroded soil. The water infiltration associated with 'Liberty' switchgrass on the eroded soil was 54 mm h −1 , whereas the infiltration was 38 mm h −1 at the pivot corner. Lower infiltration probably translated into higher surface runoff at the pivot corner. In addition, residue cover was higher on the eroded soil than in the pivot corner, which could have reduced runoff and sediment losses.
The results of this study have important implications for water quality management and overall ecosystem health. Our results indicate that WSGs can be grown to improve water quality in marginally productive croplands, but the impacts could be site specific. Although modeling studies indicate that growing perennial grasses in marginal lands could improve water quality by reducing runoff, sediment, and nutrient losses, field results from this and other studies indicate some variable effects (Acharya and Blanco-Canqui, 2018) . Additional field data, particularly from marginal lands, are needed to further understand the sitespecific performance of WSGs. These data are also needed to validate results from modeling studies.
Conclusions
This study comparing water erosion impacts of WSGs (switchgrass) and no-till corn on an eroded soil and a center pivot corner indicates that WSGs as dedicated bioenergy crops have potential to improve water quality in marginally productive croplands, but the impacts are site specific. For example, switchgrass did not reduce sediment and nutrient losses compared with corn on the eroded soil, but on a center pivot corner, it significantly reduced sediment, NO 3 -N, and PO 4 -P losses and increased soil aggregate stability compared with corn treatment. Results indicate that WSGs may not reduce either time to runoff start and runoff compared with corn. They also suggest that polyculture such as the low-diversity mix may have limited advantage over switchgrass monoculture for reducing water erosion. Our finding from the pivot corner also suggests that, although switchgrass monocultures can reduce water erosion relative to no-till corn, water erosion among switchgrass monocultures may be the same. Higher residue cover and MWD under WSG treatments compared with corn may have partly contributed to the reduction in water erosion at the pivot corner. The lack of significant difference in water erosion between corn and switchgrass treatments on the eroded soil was possibly due to the lack of difference in residue cover and near-surface soil properties among treatments. Overall, perennial WSGs can reduce risks of water erosion in spring compared with corn, but their effectiveness can be site specific, depending on the amount of surface cover and improvement in soil properties.
